Anecdotal reports suggest two-step star jumps cause excessive breast movement and discomfort, leading to recommendations for this activity as a diagnostic tool to determine effective breast support in a retail environment. The aim was to investigate multiplanar bare-breast kinematics during the two-step star jump and to establish the relationship between breast kinematics, discomfort and cup size. Thirty-nine females completed five two-step star jumps with no breast support after which breast discomfort was rated. To establish relative breast kinematics infrared cameras tracked the 3D co-ordinates of breast and body markers. Maximum resultant breast displacement, velocity and acceleration during jumping reached 18.7 cm, 93.1 cm•s -1 and 3.6 g, respectively. Significantly more vertical breast displacement (p < 0.01) and velocity (p < 0.01) occurred compared with mediolateral and anteroposterior kinematics. Breast discomfort increased as cup size increased (r = .61). Two-step star jumping stimulated multiplanar breast kinematics and high levels of breast discomfort. Therefore, this activity may be useful in a retail outlet to determine the function and comfort of a sports bra.
It has been suggested that performing a two-step star jump while wearing a sport bra allows a potential buyer to assess the function and comfort of the bra as it is a dynamic whole body movement (Stamford, 1996) . The two-step star jump, or jumping jack, requires motor coordination between upper-and lower-body segments and encompasses both horizontal and vertical movements (Markovic et al., 2004; McKay et al., 2005) . Verscheure et al. (2000) presented the only study to investigate breast displacement and acceleration during jumping; however, not all these values were reported. Verscheure et al. (2000) observed that some athletes wore two sports brassieres simultaneously due to the high impact and painful nature of jumping. These findings support the anecdotal evidence that a two-step star jump may be particularly demanding in terms of breast movement and discomfort. An understanding of the multiplanar kinematics of the breast during this type of activity may explain why the two-step star jump is particularly demanding on the breast. In addition, differences in the directional components of breast movement during this type of activity may provide important criteria for bras designed to reduce movement during activities that incorporate jumping.
Breast motion studies across a range of breast sizes are limited (McGhee et al., 2007) and the strength of the relationship between breast size and exercise related breast discomfort has yet to be fully investigated. However, previous studies have identified greater breast discomfort in larger breasted women compared with smaller breasted women during running (Gehlsen & Stoner, 1987; Lorentzen & Lawson, 1987) . Therefore, if the two-step star jump is to be recommended as a diagnostic tool for determining effective breast support, this activity should demonstrate greater breast discomfort in women with larger breasts.
Breast motion research has primarily focused on treadmill running at limited speeds and reported the vertical displacement of the breast during bare-breasted and supported conditions (Boschma et al., 1994; Lorentzen & Lawson, 1987; Mason et al., 1999) . Further evaluation by Scurr et al. (2007) quantified 3D breast displacement of eight D cup participants as 17.7 cm during bare-breasted running. A limited number of running breast motion studies have reported vertical breast velocity. But the relationship between breast velocity and breast comfort requires further investigation, as Gehlsen and Albohm (1980) found no difference in vertical breast velocity for participants with breast discomfort compared with those without. While, McGhee et al. (2007) attributed increased breast discomfort to reduced vertical breast velocity. Limited research has investigated the acceleration of the barebreast (Himmelsbach et al., 1992; Mason et al., 1999; Verscheure et al., 2000) . Mason et al. (1999) reported bare-breasted vertical accelerations ranging from 1.7 g during walking to 3 g during aerobic marching, jogging and running. The relationship of breast displacement, velocity and acceleration to breast discomfort is unknown within jumping activities. In addition, the relationship between breast discomfort and the direction of breast kinematics has yet to be investigated, but if a particular component of breast movement predominates in two-step star jumping and displays a stronger relationship to breast discomfort, this may help us understand why the two-step star jump may be particularly demanding on the breast.
Designing optimum breast support is an important issue as many women are discouraged from participating in physical activity due to breast movement. As the majority of previous research in breast biomechanics has focused on running, sport bras may incorporate sufficient design elements to reduce breast kinematics during running, but this may not relate to other sporting activities such as jumping.
Therefore, the aim of this study was to qualitatively and quantitatively investigate multiplanar bare-breast kinematics during a two-step star jump. It was hypothesized that there would be a significant difference across vertical, m/l and a/p kinematics of the bare-breast during two-step star jumping. The secondary aim was to assess the relationship between breast discomfort and breast cup size to breast kinematics. As previously identified during running, it was hypothesized that there would be a significant relationship between breast discomfort, cup size and breast kinematics.
Methods
Following institutional ethical approval, thirty-nine females (mean ± SD; age 26 ± 6 years, mass 87.2 ± 12.7 kg, stretch stature 1.68 ± 0.05 m) gave written informed consent to participate in the study. Participants were selected if they; exercised aerobically for 30 min or more at least twice a week, had no history of surgical procedures to the breast, were not pregnant and had not given birth in the last year. To determine the correct classification of breast cup size all participants were professionally fitted in accordance with the recommendations of McGhee and Steele (2006) . Participant's breast cup sizes ranged from A to JJ cup and had a mean band size of 34 ± 2 inches.
Participants completed a treadmill warm-up at a self-selected speed wearing their own sports brassiere, shorts and trainers. A demonstration and familiarization period ensured that the two-step star jumps were performed correctly (Figure 1 ). The two-step star jump consisted of two phases; in phase 1 (i to ii in Figure 1 ) the participant began with the feet shoulder width apart and then jumped laterally, abducting both the upper and lower limbs until ground contact. In phase 2 (ii to i in Figure 1 ) the participant jumped medially, adducting both the upper and lower limbs until ground contact, with the feet returning to a shoulder width position.
Following the practice period, participants removed their sports brassiere and five passive retro-reflective markers (12 mm in diameter) were positioned, on the right nipple, left and right clavicle (directly superior to the nipples) and left and right anterior superior iliac spine (ASIS). Previous research has acknowledged that a marker placed on the center of the nipple is a valid and reliable measure of breast movement (Boschma , 1994; Lorentzen & Lawson, 1987; Mason et al., 1999; McGhee et al., 2007; Scurr et al., 2007) . Threedimensional displacement of the markers was tracked during five consecutive two-step star jumps using five 100 Hz, calibrated ProReflex infrared cameras (Qualisys, Sweden) positioned around the participant. After the activity the participant rated her overall breast discomfort during jumping, this was done using a visual analog scale in accordance with previous research (Lorentzen & Lawson, 1987; Mason et al., 1999) , where 0 represented comfortable (no pain), 5 signified uncomfortable and 10 corresponded to painful (Mason et al., 1999) .
Markers were identified and 3D data reconstructed in the Qualisys Track Manager Software (Version 1.10.282, Qualisys, Sweden) utilizing an interpolation of 10 frames. The global coordinate system defined the x axis as a/p (anterior as positive), the y axis as m/l (lateral as positive) and the z axis as vertical (superior as positive). The Cartesian x, y and z coordinates for the five markers were exported into Excel (Microsoft Office, 2007) . A transformation matrix (Foley et al., 1995) was used to establish the relative coordinates of the right nipple with respect to the trunk. A reference grid consisting of the left and right markers of the clavicle and ASIS defined the local coordinate system of the trunk with the midclavicle point as the origin.
Peak relative resultant, vertical, m/l and a/p displacement of the right nipple was calculated during the 2nd, 3rd and 4th jumps as the 1st and 5th jumps were discarded in accordance with the Hawthorne effect (Mullineaux & Bartlett, 1997) . Multiplanar displacement data were used to calculate first (cm⋅s -1 ) and second (cm⋅s -2 ) derivates, every 0.01 s, for each jump. Acceleration values were converted to gravitational units (g) and 1 g was subtracted from the vertical component to account for gravity (Mason at al., 1999) .
For statistical analysis breast cup size JJ was excluded due to low participant numbers. Preliminary descriptive analyses were performed to test the assumptions of normality, linearity and homoscedasticity. As the data were nonparametric (Kolmogorov-Smirnov and Shapiro-Wilk tests p < .05) a Kruskal-Wallis H Test was conducted to compare vertical, m/l and a/p breast kinematics during the jumps. Post hoc Mann Whitney U Tests were conducted for multiple comparisons across axes of movement. The relationship between breast kinematics (resultant, vertical, m/l and a/p), discomfort and cup sizes (A to G) was investigated using a Spearman's correlation coefficient. The strength of the relationship was defined as weak r ≤ .49, moderate r ≥ .50 to r ≤ .74 and strong r ≥ .75 (Cohen, 1988) . All significance levels were predetermined at p ≤ .05.
Results
The two-step star jump consisted of two phases; during the upward stage of phase 1 the lower limbs pushed off the ground, the arms abducted and the breasts moved laterally, upwards (Figure 2i ) and anteriorly ( Figure   2ii ). At maximum jump height peak upward breast displacement occurred. In the downward stage of phase 1, the breasts moved medially and downward as the lower limbs prepared for ground contact (Figure 2i ). At ground contact the displacement of the breasts became posterior as breast tissue impacted on the trunk (Figure 2ii ). During the upward movement of phase 2 both the upper and lower limbs were medially adducted and the breasts moved medially, upwards and anteriorly. At ground contact the displacement of the breast became posterior and breast tissue again impacted on the trunk (Figure 2ii) . Irrespective of breast size, participants demonstrated a similar pattern of breast movement during the two-step star jump, however the magnitude of movement increased with breast cup size (Figure 2 ). For some participants peak breast displacement was achieved slightly later than peak trunk displacement.
The greatest mean peak resultant and vertical breast displacement recorded during the two-step star jump was 18.7 cm and 17.8 cm for the JJ cup breast size participant, respectively (Figure 3 ). Mean peak resultant and vertical breast velocity reached a maximum of 93.1 cm -1 and 63 cm -1 , respectively (Figure 4 ). Mean peak resultant and vertical breast acceleration reached a maximum of 3.6 g and 1.9 g, respectively ( Figure 5 ). Post hoc analyses determined that vertical breast kinematics were significantly greater than m/l and a/p (p < .01) for displacement and velocity; however, there was no significant difference in vertical, m/l and a/p acceleration (p > .05). The m/l and a/p displacement and velocity also displayed similar values across all breast cup sizes (z = -1.28 (1) , p = .2 and z = -1.33 (1) , p = .18, respectively).
The displacement and velocity of the breast was predominantly vertical, accounting for an average of 58% and 48% of overall breast movement (Table 1) . Breast acceleration demonstrated a similar distribution of vertical (35%), m/l (30%) and a/p (35%) components during the two-step star jump. As breast cup size increased the vertical component of displacement became more predominant and a/p displacement reduced. The multiplanar distribution of velocity and acceleration remained reasonably similar across cup sizes.
Participant breast discomfort scores during the twostep star jump ranged from 2 to 10 ( Figure 6 ). Breast discomfort demonstrated a significant, moderate correlation to breast cup size (r = .61, p = .001; Table 2 ). Resultant and vertical displacement demonstrated strong significant correlations with breast cup size. Resultant, vertical and m/l velocity displayed moderate correlations with breast cup size (Table 2) . Interestingly, vertical, m/l and a/p acceleration demonstrated negative correlations to breast discomfort and breast cup size. In comparison with breast discomfort, breast cup size was a better indicator of breast displacement, velocity and acceleration.
Discussion
This study qualitatively and quantitatively describes bare-breasted kinematics during two-step star jumping. An understanding of the direction and magnitude of bare-breast displacement, velocity and acceleration may improve bra design by determining the multiplanar breast support requirements during this type of jumping activity. In addition to this, understanding the biomechanics of the breast during two-step star jumping may explain why this type of activity has been anecdotally reported particularly demanding in terms of breast movement and discomfort. The demanding nature of this activity has led to the recommendation of the two-step star jump as a diagnostic tool for use in fittings rooms to allow potential buyers to determine the function and comfort of a sports bra (Stamford, 1996) .
The results of this study confirmed that the two-step star jump caused multiplanar movement of the breast (Table 1) in a repeatable pattern (Figure 2) . The results showed significantly more vertical breast displacement than m/l and a/p, accepting hypothesis one for breast displacement. Interestingly, this study reports similar vertical breast displacement values during jumping (5.5 cm to 7.8 cm) to those previously reported during running for A to D breast cup sizes (Lorentzen & Lawson, 1987) .
No comparison between DD to JJ breast cup sizes was conducted due to a lack of previous research data. Due to the similarities in A to D breast movement during running and two-step star jumping, the recommendations of Stamford (1996) that the two-step star jump is a suitable method for a potential buyer to assess the function of a sports bra in a retail outlet are confirmed. During jumping this study reported mean vertical breast velocity of 45.3 cm⋅s -1 across all breast cup sizes, which is less than that previously reported during running (100 cm⋅s -1 ; McGhee et al., 2007 ) across a range of breast cup sizes. The results from the current study showed significantly more vertical velocity than m/l and a/p, accepting hypothesis one for breast velocity. As breast cup size increased breast velocity increased in all axis, but there was a limited relationship between breast velocity and breast discomfort.
For multiplanar breast acceleration, no significant differences were found between vertical, m/l and a/p components during jumping, rejecting hypothesis one for acceleration. This study identified high levels of a/p acceleration in larger breast cup sizes (Figure 5 ), this supports McGhee et al. (2007) who qualitatively reported the breasts "slapping" against the chest wall during running. Mean peak vertical breast acceleration during the two-step star jump was 1.3 g for D cup sizes; this is lower than previously reported for running (mean vertical breast accelerations of 1.9 g to 3.0 g) for D cup sizes (Himmelsbach et al., 1992; Mason et al., 1999) . Interestingly, the results of this study suggest that as breast cup size increased, breast acceleration reduced (negative correlations, Table 2 ). The results of this study also showed a negative correlation between breast acceleration and breast discomfort, this suggests that as acceleration increased, breast discomfort reduced. From these results it is suggested that breast acceleration is not a sensitive measure of breast discomfort during jumping, confirming previous conclusions established during running (Himmelsbach et al., 1992) .
For displacement and velocity vertical planar activity predominated, displaying moderate correlations to discomfort. This suggests that bras designed to reduce movement during the two-step star jump should aim to control vertical breast displacement and velocity. However, as m/l and a/p kinematics also displayed significant correlations to breast discomfort, these aspects of breast movement should not be ignored in bras designed to control breast motion during jumping activities such as this. It is particularly interesting to note that of the velocity variables, m/l velocity displayed the strongest relationship to breast cup size and breast discomfort, suggesting that restricting this aspect of breast motion may be a useful sports bra design feature.
During the two-step star jump substantial breast discomfort was reported by participants of all breast cup sizes ( Figure 6 ). As breast cup size increased, the severity of jumping related breast pain increased (moderate correlations, Table 2 ). Previous running research reported greater breast discomfort as breast displacement and velocity increased (Mason et al., 1999) ; however, the current study reported only weak correlations between breast discomfort and breast kinematics during the twostep star jump (Table 2) . Therefore, the second hypothesis is partially accepted as there was a significant relationship between breast kinematics and breast cup size, but a limited relationship between breast kinematics and breast discomfort. The substantial breast discomfort reported during two-step star jumping and the similar breast displacement values to those identified during running, support the use of the two-step star jump as a diagnostic tool for stimulating breast displacement and breast discomfort that occurs during sporting activity. This suggests that this type of activity could be used to qualitatively assess the effectiveness of breast support in the limited space of a retail fitting room.
The weak relationship between breast discomfort and multiplanar breast kinematics suggests that other parameters, not investigated here, may be responsible for the discomfort felt during the two-step star jump. The two-step star jumps performed in this study were completed at participant's self-selected pace. Future research should consider regulating the timing and the effort of the jumps to reduce inter-and intraparticipant variability (Nagano et al., 2005) .
In conclusion, the two-step star jump provided a stimulus for multiplanar breast kinematics, which was comparable in breast displacement terms to treadmill running. This activity produced a repeatable pattern of breast motion, which was associated with high levels of breast discomfort. Significantly more vertical displacement and velocity occurred during the two-step star jump, compared with m/l and a/p kinematics, providing important breast support criteria for bras designed to resist this type of motion. No significant difference was established between vertical, m/l and a/p acceleration during the two-step star jump. Breast discomfort increased as breast cup size increased. The results of this study confirmed the recommendations of Stamford (1996) that the twostep star jump is useful to stimulate sports specific breast displacement and discomfort in a restricted environment such as a retail outlet fitting room. Therefore, this type of activity may be an appropriate diagnostic tool for determining the function and comfort of a sports bra.
